Introduction
Porphyromonas gingivalis, a black-pigmented obligate anaerobe, has been implicated as a major pathogen in destructive periodontal disease (1, 2) . As with other pathogens, a requirement for the in vivo growth of P. gingivalis is its ability to obtain iron from the host. P. gingivalis is unable to synthesize heme, which is an important growth factor for this bacterium (3, 4) . Hemin can satisfy the entire iron requirement of P. gingivalis as well as provide it with the ability to utilize endogenous membrane-stored hemin for growth during periods of hemin deprivation. The binding and uptake of hemin by P. gingivalis have been well characterized and a number of potential hemin-binding proteins have been described (5) (6) (7) (8) (9) . Hemin is not only vital for growth but is also needed to regulate various virulence-associated activities of P.
gingivalis. By using an in vivo mouse model, McKee et al. (10) found that P. gingivalis cells grown under hemin excess were more virulent than organisms grown under hemin limitation.
Coaggregation of oral bacteria is readily observed among a wide variety of bacterial species (11) . It has been shown that dental plaque accretion is mediated partly by The pretreatment of P. gingivalis W50 and 381 with chlorhexidine digluconate increased the hemin binding of these bacteria. The hemin binding of strain W50 increased by 80-280 % after treatment with chlorhexidine digluconate at the concentrations used in the study (Fig. 1A) . For strain 381, the hemin binding increased by 230 % at a concentration of 0.0025 % chlorhexidine digluconate; the hemin binding at concentrations below 0.00125 % was not significantly different from that for the untreated bacteria (Fig. 1B) . Hydrogen peroxide also increased the hemin binding of both strains of P. gingivalis. The hemin binding of strain W50 increased by 200 % at a concentration of 0.3 % hydrogen peroxide (Fig. 2A) . The hemin binding of strain 381 increased by 480 % and 200 % at hydrogen peroxide concentrations of 0.3 % and 0.1 %, respectively (Fig. 2B ).
Coaggregation assay P. gingivalis 381 coaggregated with S. oralis 9811 and S. gordonii DL1 in the absence of chlorhexidine digluconate and hydrogen peroxide. The score for coaggregation with S. oralis 9811 was higher than that for coaggregation with S. gordonii DL1 (Table 1 ). Slight autoaggregation of P.
gingivalis 381 was observed in control suspensions in which P. gingivalis 381 was present alone; this autoaggregation was not affected by chlorhexidine digluconate and hydrogen peroxide. If chlorhexidine digluconate was added to the reaction mixtures, the coaggregation of P. gingivalis 381 with S. oralis 9811 was inhibited by 0.005 % or higher concentrations of chlorhexidine digluconate, changing the score from +4 to +1 (Table 1) . Even at a concentration of 0.00125 %, the lowest concentration tested, chlorhexidine digluconate partially inhibited coaggregation. The coaggregation of P. gingivalis 381 with S. oralis 9811 and S. gordonii DL1 was diminished by hydrogen peroxide (Table 2) . Hydrogen peroxide at 3 %, the highest concentration tested, partially inhibited the interaction between P. gingivalis 381 and S. oralis 9811. The coaggregation of P. gingivalis 381 with S. gordonii DL1 was also reduced by hydrogen peroxide. The coaggregation-reducing effects of these agents were concentration-dependent. P. gingivalis W50 coaggregated with neither S. mitis 9811 nor S. gordonii DL1, regardless of the presence of chlorhexidine digluconate or hydrogen peroxide (data not shown).
Discussion
The results of the present study suggest that the hemin binding of P. gingivalis and coaggregation of this bacterium with oral streptococci can be affected by chlorhexidine digluconate and hydrogen peroxide. In a complex microbial community such as that existing in the gingival crevice, hemin-requiring bacteria must compete with one another for available hemin. The ability of P. gingivalis to store hemin appears to provide a nutritional advantage for survival of this pathogen in the iron-limited environment of the healthy periodontal pocket. In the preliminary experiments of this study, it was observed that the MICs of chlorhexidine digluconate and hydrogen peroxide for P. gingivalis were 0.01 % and 0.1 % respectively (data not shown). The hemin binding of P. gingivalis was increased by a sub-MIC of chlorhexidine digluconate. However, concentrations of hydrogen peroxide below the MIC had no effects on hemin binding of both P. gingivalis strains. Previous reports have suggested that binding of uncomplexed hemin by P. gingivalis is mediated by the lipid A component of the lipopolysaccharide (LPS) constituent of the outer membrane (22) . Because hemin is a notably lipophilic molecule (23), involvement of lipid A in the hemin binding is perhaps to be expected. Opposing the view that hemin binding is mediated nonspecifically by LPS, several studies have indicated that heme starvation stimulates expression of hemin-binding surface proteins by P. gingivalis, and specific hemin-binding proteins are involved in hemin binding of this bacterium (5) (6) (7) (8) (9) . At this point, it is not clear whether chlorhexidine digluconate or hydrogen peroxide has any effect on lipid A or the specific hemin-binding proteins of P. gingivalis. Further investigation will be necessary to clarify which one is inhibited by the addition of chlorhexidine and hydrogen peroxide.
It has been reported that hemin binding of P. gingivalis W50 is increased by sub-inhibitory concentrations of antibiotics such as amoxicillin, metronidazole and penicillin (24) . It is not known whether the mechanism of action of sub-inhibitory concentrations of antibiotics in hemin binding by P. gingivalis is similar to that of chlorhexidine and hydrogen peroxide. It has been shown that growth of P. gingivalis with hemin determines doubling time, cell yield, content, and proteolytic activity (1, 2, 10, (25) (26) (27) , and that the ability to acquire iron under iron-limited conditions is related to the virulence of a variety of bacterial pathogens (28) (29) (30) . The increase of hemin binding of P. gingivalis by chlorhexidine at concentrations below the MIC would possibly affect the virulence of this bacterium. Further studies will be needed to investigate this possibility. The effects of hydrogen peroxide on the properties of P.
gingivalis have not been studied extensively. Leke et al. (31) reported that cell-associated hemagglutination was strongly decreased when hydrogen peroxide was added to the assay mixtures, but this had no effect on the expression of heat shock proteins by P. gingivalis.
Despite the large number of studies on oral bacterial coaggregation, the inhibitory effect of hydrogen peroxide on coaggregation has not been reported. The inhibition of coaggregation among oral bacteria by chlorhexidine digluconate has been reported by one research group (21) . In that study, Gram-positive pairs were not inhibited by chlorhexidine digluconate at a concentration of 0.25 %, whereas coaggregation between Gram-positive and Gramnegative bacteria was blocked at concentrations as low as 0.01 %. The data from the present study showed that the coaggregation of P. gingivalis with S. oralis and S. gordonii, which were coaggregating pairs not examined in the previous study, could also be inhibited by chlorhexidine digluconate, and that the inhibitory concentration was much lower than reported. According to the previous report (21), coaggregation was not affected by chlorhexidine digluconate pretreatment of bacteria, and it was suggested that chlorhexidine digluconate was effective only if added to the coaggregated cell suspensions. It was observed in the present study that the coaggregation was not affected by pretreatment of P. gingivalis with chlorhexidine digluconate and hydrogen peroxide (data not shown). It is considered that the effects of chlorhexidine digluconate and hydrogen peroxide on coaggregation were induced by other mechanisms besides the direct effects of these agents on the cell surface structures involved in coaggregation. A similar phenomenon has been observed in the inhibition of lectin-mediated bacterial binding by sugars, in which the binding is inhibited by the addition of specific sugars, but not by pretreatment of the bacteria with these sugars. It is assumed that such reversible binding is also involved in the coaggregation inhibition by chlorhexidine digluconate and hydrogen peroxide, as in the inhibition of lectinmediated bacterial binding by sugars. In the present study, concentrations of chlorhexidine digluconate below the MIC inhibited coaggregation. Hydrogen peroxide was also partially inhibitory, even at concentrations below those used clinically. However, sub-MIC concentrations of hydrogen peroxide were not effective in reducing the coaggregation of P. gingivalis with oral streptococci. It was suggested by Gibbons and Nygaard (12) that intergeneric coaggregation may play an essential role in the development of dental plaque. If coaggregation is a mechanism that mediates colonization, establishment or emergence of P. gingivalis in disease-associated periodontal microbiota, then chlorhexidine digluconate may be effective in suppressing or eliminating this organism at concentrations well below those required to achieve a bacteriostatic effect. Although the present study was an in vitro analysis of the inhibitory properties of chlorhexidine digluconate and hydrogen peroxide on intergeneric coaggregations between a limited number of oral bacteria, it is assumed that these agents 
